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INTRODUCTION
Proteins composed of fewer than 150 amino acids often fold very quickly, i.e. in tens of microseconds (Pande et al. 1998; Englander 2000) . The presence of hidden intermediates in this process has been postulated on the basis of experimental observations, as predicted by the funnel model and extensive folding process kinetics studies (Ozkan et al 2002; Mayor et al 2000; Clarke et al 1994) . The super-folding protein GFP model was developed to validate the fast-folding mechanism experimentally and to verify the influence of mutations on biological function (Fisher and DeLisa 2008) . The impact of crowding upon the protein folding process, which stresses the critical importance of surrounding polypeptides, was computationally verified by (Jefferys et al 2010) . Recently, NMR spin relaxation dispersion experiments have been performed to quantify the mutational effects on kinetics and overcome the limitations of traditional stopped-flow experiments as applied to fast-folding protein kinetics (Cho et al. 2010) . A solid background and broad overview of protein folding processes, based on classical phenomena related to the distribution of energy, can be found in (Chou and Scheraga 1982 , Chou and Carlacci 1991 , Chou et al 1983a , Chou et al. 1983b , Chou et al. 1984 , Chou et al. 1988 , Chou et al. 1986 ). The statistical point of view is introduced in (Chou and Zhang 1993 , Chou 1995a , Chou 1995b , Chou and Zhang 1995 , Mao et al 1994 , Zhang and Chou 1992 while the kinetic point of view is detailed in (Chou 1990 , Chou 1993 , Chou and Shen 2009 , Shen et al 2009 . Molecular dynamics and folding disorder are further discussed in (Wallace 2010, Wang and .
In order to perform comparative analysis, we intend to focus on the set of cold shock proteins, as well as some additional proteins (prefoldins and chaperonins).
METHODS
Data -The proteins presented in this paper were selected on the basis of source descriptions.
All such proteins are classified as fast-folding (Tab. 1).
A set of ultra-fast folding proteins was derived, based on annotations found in literature (Dyer 2007; Kubelka et al 2004; Ghosh et al. 2007 ). Representative structures presented in Tab. 1 relate specifically to ultra-fast folding fragments and have been selected on the basis of references (Bogatyreva et al 2009) and the quality of available structural data (Berman et al 2002) . The molecular function of selected structures (Tab. 1) refers to entire proteins and is expressed by means of the Gene Ontology published by the UniProt Consortium (2009) .
Additionally, a set of cold shock proteins was selected to verify the applicability of the model to proteins with similar biological functions. Such common properties include binding to nucleic acids. Two chaperonins were also included in the study group, as suggested by prior research (Prymula et al 2009) where they were found to exhibit high structural accordance with the presented model.
The properties of proteins selected for analysis with respect to sequential and structural similarities enabled us to define a non-redundant subset (Tab. 2), which was further analyzed with the use of ClustalW. Pair-wise sequence identity below 20% (as reported by ClustalW) was taken as a criterion of alignment (Chenna et al. 2003) . In some cases, structures exhibiting higher sequential identity revealed significant differences (RMS-D) and were also included in the study group (Tab. 3) -this is why similar proteins appear in our analysis.
The sequential similarity of the studied proteins is presented in Tab.1S (Supplementary Materials). High sequential similarity does not preclude a protein from being analyzed with the presented model, as even a single mutation may influence the structure of the protein's hydrophobic core (as reported in (Banach et al 2011) ).
The model is assumed to be applicable to proteins with polypeptide residue lengths of approximately 150, although longer proteins (such as 3BDN, with 236 amino acids) were also analyzed to estimate the applicability of the model to proteins whose size exceeds the initial assumptions (Stayrook et al 2008) .
Short polypeptide chains (1RIJ_A) represent domains which may be treated as independent units when analyzing the folding process.
Two-step protein folding process
The protein folding process has been shown experimentally to involve multiple steps, along with an unknown number of intermediates (Roterman 2007; Jurkowski et al 2004) . The model presented in this work assumes a two-step process: U => ES => LS => N Where: U -unfolded, ES -early stage, LS -late stage and N -native structural form.
Early stage model. This model assumes the dominant role of the backbone whose conformation is expressed by two geometric parameters (Roterman 1995) . The first one is called V-angle -the dihedral angle between two sequential peptide bond planes, the value of which is close to 0º for helical forms and close to 180º for extended and ȕ-like structures. The second parameter, which appears to be determined to some extent by the first one, is the radius of curvature of the polypeptide fragment (pentapeptide), which is small for helical structures (according to the applied model, the radius of curvature for helical structures is approximately 2Å) and large for ȕ-structural forms (in the case of linear forms, the radius of curvature is theoretically infinite; according to calculations presented in this paper the actual radius of curvature for structures with a V-angle of 180º was found to be in the range of 7 to 15 on the log 2 scale). The relation between both parameters, which may be expressed using a second-degree polynomial Late stage model. The tertiary structure of the protein in the LS step of the folding process is assumed to involve a hydrophobic core, along with optimization of all other non-bonding interactions (electrostatic, van der Waals and torsion potential). The presence of an external force field is reflected by a three-dimensional Gauss function . This model extends the original concept presented by Kauzmann (Kauzmann 1959) . The force field simulates the hydrophobic core postulated by the "fuzzy oil drop" model where the highest concentration of hydrophobicity is observed at the center of the ellipsoid, decreasing along with distance from the center and reaching zero on the surface of the "drop", according to Gauss' formula: 
x y z are the coordinates of the geometric center of the molecule (usually located at the origin of the coordinate system, where each value is equal to 0). The size of the molecule is expressed by the triplet ı x , ı y , ı z , which is calculated for each molecule individually, provided that the longest possible distance between effective atoms within the molecule coincides with the appropriate coordinate system axis. ı values are defined as 1/3 of the longest distance between two effective atoms along each axis. The value of the Gauss function at any point of the protein body can be treated as the idealized hydrophobicity density, determining the structure of the protein's hydrophobic core.
According to the "fuzzy oil drop" model, idealized hydrophobicity can be calculated at any point with the use of the Gauss function, assuming that the molecule's geometric center coincides with the origin of the coordinate system. In turn, empirical hydrophobicity distribution is given by the function presented by Levitt (Levitt 1976 ):
where N expresses the number of amino acids in the protein (number of grid points), r i H expresses the hydrophobicity of the i-th residue according to the accepted hydrophobicity scale (the Aboderin scale was applied in this work (Aboderin 1971) ), r ij expresses the distance between the i-th and j-th interacting residues, and c expresses the cutoff distance which, according to the original paper (Roterman 2007) , is assumed to be 9Å. The values of while N denotes the total number of amino acids in the polypeptide chain.
RESULTS
Selected proteins have been analyzed to assess the applicability of the proposed model. Earlystage conformance is not expected to remain evident in the native form of the protein, as the LS step may significantly alter its structure, erasing the characteristics of the earlier stage.
Despite this phenomenon, the shape of some proteins reveals significant contributions of ES elements, mostly in the scope of well-defined fragments of the secondary structure.
ES model applicability
Mean values expressing distance (versus the approximation function) are given in Tab. 4.
Proteins with D average < 1.0 were treated as consistent with the model (Fig. 2) . The 1CSQ protein, representative of the ȕ-barrel structure, was arbitrarily selected to present another example of a protein which does not satisfy the ES model assumptions.
The results of applying the ES step are shown on the examples of 1IET and 2ZDI, both of which represent good agreement with the assumed model ( Fig. 3) . In 2ZDI only seven residues diverge significantly from expectations, due to the high percentage of helical structures. Some residues accordant with expectations are involved in protein-protein interactions which do not, however, affect the structure of the protein (thus, the relevant residues remain in good agreement with the ES model). The 1IET protein, whose polypeptide chain length is similar to that of 2ZDI, represents a wider distribution of points, exhibiting high structural homogeneity with 2ZDI.
The D average values for both proteins appears to be lower than 1 unit. The structure of 1IET, although quite diverse (involving helical, ȕ-structural and random coil forms), seems to agree with the ES model. The structure of 2ZDI includes a bihelical twist and therefore approximates an elongated fibrillar form, quite different from globular drop-like proteins. This is why the molecule, while in agreement with the ES model, diverges from the LS model.
The 1IET protein, which has a mixed secondary structure, appears to be accordant with the ES model (on the basis of the D average <1 criterion).
LS model applicability
The distribution of hydrophobicity density along the polypeptide chains in proteins exhibiting poor structural agreement with the LS model is shown in Fig. 6 . (2HAX) and in Fig. 7 .
(2ZDI). Two proteins -2HAX and 2ZDI -have been selected to represent cases of poor agreement with the LS model. Both figures contrast the expected distribution of hydrophobicity along the polypeptide chain with empirical observations. Random distribution is also plotted to demonstrate the baseline case.
3D representations of these two proteins can be seen in Fig.8 .
Two examples of proteins representing structures accordant with the LS model have been selected: 1IET and 1CSQ. Their hydrophobicity profiles are shown in Fig. 9 . and Fig. 10 .
respectively.
Proteins with a highly differentiated secondary structure (1IET) and a typical ȕ-barrel structure (1CSQ) appear to produce hydrophobic cores accordant with theoretical predictions.
3D representations of 1IET and 1CSQ (proteins exhibiting good agreement with the LS model) are shown in Fig. 11 . Differences between the observed and idealized hydrophobicity distributions are relatively narrow and restricted to the center of the 1IET molecule, suggesting that the core's hydrophobicity is somewhat higher than expected (see the profile in Fig. 9 ).
Accordance of observations with the model
The properties of entire study group are summarized in Tab. 5.
Classification of proteins with respect to the selected criteria is as follows:
1. The presence of ES structural elements in crystalline forms is generally not expected, although certain proteins do exhibit a well-defined secondary structure (mostly helical). In such cases, the presence of an LS structure is not expected. According to the two-step model, proteins representing good agreement with the ES model are assumed to cease folding upon completion of the first step.
2. The presence of LS structural elements is expected on the assumption that the environment (represented by the external force field in the "fuzzy oil drop" model)
influences -or indeed determines -the folding process, resulting in formation of a hydrophobic core. All molecules belonging to the group of downhill (fast-folding) proteins support this assumption.
3. Proteins which do not conform to either model (ES or LS) are assumed to be influenced by factors other than backbone conformation and/or immersion in a simple aqueous environment. Typically, they are found in complexes with other protein molecules or ligands (see the rightmost column in Tab. 5).
Most of the proteins in the presented set exhibit good agreement with both models. All proteins recognized as "fast folding" contain a well-defined hydrophobic core. The disappearance of ES intermediates in the LS form is to be expected since LS involves packing of the protein body and therefore alters the conformation of its backbone.
Proteins which appear to diverge from the "fuzzy oil drop" model are highly specific in shape.
Two of them (2ZDI and 2ZQM) are entirely helical, which explains their agreement with the ES model and lack of agreement with the "fuzzy oil drop" model. It should be noted that their actual structure is far removed from the idealized "globule". On the other hand, LS discordance exhibited by 3BDN is due to its very large size (although significant involvement of helical elements causes it to conform to the ES model).
The 1HZC protein includes three mutations (versus the WT protein), introduced intentionally to influence its stability. Hence, this artificially constructed protein differs from the standard structural model and cannot be described by either ES or LS. The 2HAX protein, available in PDB, assumes the form of a dimer interacting with a ligand. This phenomenon affects the structure of the protein's polypeptide chain. Such task-oriented irregularities in hydrophobicity distribution are observed in some proteins, enabling highly selective complexation of specific ligands or protein-protein interactions (Brylinski et al 2007b) . The 2HAX protein is a member of this group. Its intense involvement in interactions with other molecules may influence the original structure of the protein, explaining its poor agreement with either model (ES or LS).
CONCLUSIONS
The two-step model was assumed to enable in silico simulations of the protein folding process. The group of proteins presented in this analysis appears to correspond to the assumed model. The most interesting observation is that the entire group of fast-folding proteins exhibits good accordance with the LS model. The folding process occurs in an aqueous environment and seems influenced only by water. On the other hand, proteins engaged in interaction with other molecules generally diverge from the model, which can be easily explained by external influences on the folding process. Chaperonins (which are expected to fold spontaneously) appear to disagree with the LS model as their forms are highly helical and fibrillar, without any hydrophobic core. It seems that -at least in their case -the folding process halts at the first intermediate, which is represented by ES.
The irregularity of hydrophobicity distribution may result from external factors other than the influence of water upon the folding process. The identification of ligand-binding loci in certain molecules (Brylinski et al 2007a) suggests that the presence of ligands and their active participation in the folding process may produce highly selective binding cavities (Brylinski et al 2007b; Brylinski et al 2006) .
It should be noted that the investigated proteins belong to the so-called "easy" group (as named in the CASP classification (Orengo et al 1999) ). "Easy" proteins are often correctly simulated in silico by various numerical methods. However, the excellent agreement between the observed crystalline structures and theoretical predictions based upon a well-defined model strongly suggests that our generalized model mimics the actual folding process. This observation is additionally supported by analysis of protein domains in large molecules, which exhibit structures highly consistent with theoretical predictions -particularly with regard to the LS model.
In-depth analysis has also been undertaken to select and identify proteins that follow the "fuzzy oil drop" model and to enumerate selection criteria which, when applied to amino acid sequences, might indicate whether a particular protein belongs to this category. The question "why do some proteins fail to follow the natural model of water-influenced folding?" is the next issue to be considered.
Good structural accordance of trans-membrane proteins with the "fuzzy oil drop" model suggests that the influence of the environment, which is a highly variable parameter, should be taken into consideration to a far greater extent than in the past (Zobnina and Roterman 2009 ). It appears that protein machines, like the 1AON chaperonin ( Both models (ES and LS) provide fresh insight into the mechanisms of fast protein folding and may furthermore be adapted for in silico folding simulations.
Significant progress has recently been made (including the introduction of pseudo-amino acid compositions (Chou 2010, Lin and Ding 2011) ) to improve protein folding rate predictions (Guo 2010) and develop graphic rules (Chou 1989 , Chou 1990 to investigate protein folding rates Shen 2009b, Shen 2009 ). The publication Chou 2010, summarizing the 50-
year history of scientific approaches to the protein structure problem, shall be mentioned and underlined (Chou 2010) .
The protein folding problem is of critical importance for structural biochemistry. Many groups are currently involved in research focusing on protein structure prediction. Arguably the best assessment of progress in this field is offered by the CASP project (http://predictioncenter.org/). A summary of extensive research efforts in the area of protein folding may also be found in (Chou and Zhang 1995 , Chou and Shen 2008 , Zakeri et al. 2011 ).
The model presented in this paper is intended for application in protein folding simulations.
Thus far, its reliability has been verified on proteins whose structure follows the assumed criteria. Fast-folding proteins have been found to possess a well-defined hydrophobic core.
The LS model has been applied in test simulations involving haemoglobin (Brylinski et al 2007b) and ribonuclease . Experience with fast-folding proteins encourages the authors to further apply the model to large-scale protein folding simulations.
Cross-validation of the model's applicability will include statistical predictions, particularly using the jackknife cross validation method (Chou, 2011) widely applied by investigators when examining the accuracy of various models and predictors (Chen et al 2009 , Ding et al 2009 , Kandaswamy et al. 2011 , Liu and Jia 2010 , Masso and Vaisman 2010 , Mohabatkar 2010 , Zeng et al 2009 . While this study applied an independent test data set in order to reduce computational complexity, the above actions are foreseen in the future.
It should be noted that public, user-friendly Web interfaces facilitate the development of useful models, methods and predictors (Chou and Shen, 2009a 
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Tab. 5. Summary of the ES and LS accordance between the observed protein structure and the assumed model. Identifiers of fast-folding proteins are italicized. Tab.1S. Sequence similarity (expressed in % to show the broad spectrum of sequence differentiation in the proteins taken for analysis).
